Whooping cough's primary etiological agent is Bordetella pertussis. The closely related Bordetella parapertussis rarely causes severe disease. Here we report an unusual case of bacteremia caused by B. parapertussis, review the literature, and characterize the genomic sequence of the bacterial isolate in comparison with B. parapertussis isolates from respiratory infections.
Bordetella pertussis and Bordetella parapertussis are the main causative agents of whooping cough, a disease that is still endemic worldwide despite high pertussis vaccine coverage of young children. B. parapertussis is much less often involved in the disease than B. pertussis, as it is responsible for only 2%-20% of cases and generally causes a less severe respiratory illness [1] [2] [3] .
Invasive illnesses with Bordetella spp. are generally caused by B. holmesii and B. bronchiseptica in immunocompromised hosts, such as patients with asplenia, chronic obstructive pulmonary disease, HIV infections, hematological disorders, or transplantation [4] [5] [6] . Reports of systemic infection with B. parapertussis are scarce, with only 3 cases reported in the literature [2, 7] ; 2 of them had a known underlying disease. This systemic manifestation of B. parapertussis infection might thus be at least in part determined by host susceptibility.
Phylogenetic analyses of B. pertussis and B. parapertussis indicated that these 2 closely related human-adapted species have evolved independently from B. bronchiseptica-like ancestors [8] . Further, the population of B. parapertussis isolates from humans is highly homogeneous genetically [9, 10] . Unlike B. pertussis, B. parapertussis does not express the pertussis toxin because of many mutations, particularly within the toxin gene promoter region [11] . In addition, B. parapertussis has an O-antigen that confers protection from complement-mediated immunity, and can therefore be considered a virulent factor [12] . The possibility that specific virulence determinants of B. parapertussis isolates are implicated in invasive infections remains to be investigated, as genomic sequences from B. parapertussis causing systemic disease have not been reported so far.
In this study, we report a clinical case of B. parapertussis bacteremia. Further, we determined the genomic sequence of the isolate and compared it with all publicly available genomic sequences of B. parapertussis from respiratory infections.
CASE REPORT
The patient was a 3-year-old female without notable medical history. She had received 3 injections for primary vaccination against pertussis (acellular pertussis vaccine) before 1 year of age. She was living in Algeria when an acute leukemia was suspected by the presence of fever, lethargy, and hepatosplenomegaly at physical examination. The diagnosis of acute lymphoblastic leukemia was confirmed in France in April 2017 by hemogram, with an abnormal white blood cell count 42×10 9 /L with 33×10 9 /L blasts, anemia, and thrombocytopenia, and by the bone marrow diffuse infiltration of undifferentiated blasts (88%) characterized on immunophenotyping analysis. A central venous catheter was implanted, and chemotherapy was started according to the French Acute Lymphoblastic Leukemia Study Group guidelines. One day before chemotherapy started, the patient presented with fever (38.1°C) associated with a moderate cough, which resolved within the next 24 hours. Inflammatory parameters were slightly elevated, with plasma levels of C-reactive protein at 33 mg/L, then 53 mg/L at day 2. Intravenous piperacillin-tazobactam treatment was started 5 days later, when gram-negative bacilli were observed on the first blood culture, and was switched to oral azithromycin when Bordetella parapertussis was identified by Matrix-Assisted Laser Desorption Ionization Time of Flight (MALDI-TOF) mass spectrometry. Real-time polymerase chain reaction targeting the IS1001 insertion sequence was performed on a nasopharyngeal aspirate [13] . Its positivity suggested the presence of B. parapertussis. The patient did not present any complications, and the antileukemia chemotherapy was continued. The patient was discharged on day 35 of hospitalization and followed the French guidelines for lymphoblastic acute leukemia chemotherapy without any other infectious complication.
The organism collected from blood culture was sent to the National Reference Center for further investigations (Supplementary Data). The isolate (named FR6242) displayed a brown pigment and a visible hemolysis on Bordet-Gengou agar medium, as expected for B. parapertussis. Western blots revealed that it was positive for filamentous hemagglutinin (FHA) production and negative for pertussis toxin, but also negative for pertactin (PRN) production, as observed for most human B. parapertussis isolates since 2007 in France [14] . There are no clinical breakpoints for determination of susceptibility or resistance of Bordetellae from European Committee on Antimicrobial Susceptibility Testing (EUCAST). No resistance to erythromycin and azithromycin has been reported for B. parapertussis, but previous studies have found that B. pertussis isolates resistant to erythromycin and azithromycin have, in most cases, a minimum inhibitory concentration (MIC) >256 mg/L [15, 16] . The isolate was considered susceptible to azithromycin, clarithromycin, and erythromycin (MIC, 0.12, 0.19, and 0.125 mg/L, respectively) and trimethoprim-sulfamethoxazole (MIC of trimethoprim, 0.012 mg/L). The genomic sequence was assembled into 78 contigs, with a total size of 4 720 641 base pairs, and was compared with 11 human B. parapertussis genomes (mainly collected in the United States) available in public sequence repositories. According to the 7-gene multilocus sequence typing (MLST) scheme [10] , FR6242 belonged to ST19, as did the reference B. parapertussis strain 12822 (isolated in 1993 from an infant with cough illness) [17] and the 10 other isolates. Genotyping of virulence-related genes revealed the sequence identity between isolate FR6242 and the other isolates for the main targets including pertussis toxin subunit-encoding genes (Supplementary Table 1 ). Only the gene brkB, involved in Bordetella serum resistance, showed variation, with allele 2 in reference strain 12822 and allele 6 in all isolates, including FR6242. This change corresponds to a nonsynonymous SNP in position 742, leading to the modification of AA 248 of the BrkB protein (threonine vs alanine). Analysis of the prn gene coding for pertactin revealed that FR6242 had 2 deletions within this gene. A total of 54 whole-genome single nucleotide polymorphisms (SNP) were identified between FR6242 and reference strain 12822. Among them, 23 nonsynonymous SNPs were shared with the other 10 isolates (Supplementary Table 2 ). Of these, FR6242 shared 19 SNPs with the most recent isolates (collected after 2004), and more particularly with strain I440 collected in 2012 (unspecified clinical origin). Phylogenetic relationships among the 12 B. parapertussis genomes (Figure 1) showed that strain FR6242 was related to I440 and more broadly to a clade comprising the recent isolates, which were clearly grouped into a clade separated from more ancient isolates. Only 2 nonsynonymous substitutions and 1 intergenic nucleotide substitution were specific to the invasive strain FR6242: (1) within gene BPP_RS12865/BPP2546, encoding a putative short chain dehydrogenase; (2) within gene BPP_ RS18460/BPP3661, encoding a putative oxidoreductase; and (3) at an intergenic position located between 2 conserved hypothetical proteins (Supplementary Table 2 ). parapertussis is circulating worldwide [1] and can cause outbreaks [18] . In France, this species represents 5%-6% of whooping cough cases [19] . It is associated with mild forms of respiratory disease. Invasive infections by Bordetella species are typically observed in immunocompromised hosts, and in most described cases they have been associated with initial respiratory diseases. Most reported bacteremia cases have involved B. holmesii and B. bronchiseptica. Before this study, only 3 B. parapertussis bacteremia cases had been reported, to our knowledge [2, 7] . These cases occurred (1) in a patient with severe asthma needing steroid treatment, which is known to cause immunological dysfunction; (2) in a patient with T-cell acute lymphoblastic leukemia; and (3) in an infant without known medical history who died from respiratory arrest. All 3 cases had concomitant lower respiratory tract infection. Here, we report a fourth case, who had acute leukemia and could be considered immunocompromised with associated susceptibility to infection, even if the patient had not started chemotherapy yet and was not neutropenic at the time of infection. As serology for HIV was negative, no immune functional tests were performed. However, the patient did not display severe symptoms of infection, and blood culture had been performed systematically due to fever occurring in an immunocompromised background.
The B. parapertussis isolate FR6242 from the present case was not distinguishable from respiratory B. parapertussis isolates based on its antigens and virulence factor gene sequences. Genome-wide analysis revealed 2 amino acid changes and 1 intergenic nucleotide substitution unique to this isolate, as well as a number of other changes shared with subsets of B. parapertussis isolates. However, it is not immediately clear how the genomic features disclosed here might be associated with invasive disease, and they may as well represent natural variation with no effect of the capacity of the bacterium to cause invasive infection. Knowing whether these changes are associated with B. parapertussis bacteremia will require the availability of genomic sequences of multiple other isolates and experimental demonstration of possible effects on invasiveness. In B. holmesii, no differences were found between isolates of respiratory and bacteremia origins, using either genomic analysis or cellular/animal models [20, 21] . Therefore, the bacterial determinants of Bordetella bacteremia remain elusive.
Clearly, B. parapertussis bacteremia might also be related to the host immune response, rather than primarily to bacterial determinants, as found for B. holmesii and B. bronchiseptica [4] [5] [6] . In addition, B. parapertussis might induce a different immune response from B. pertussis, as it differs in the structure of lipopolysaccharide (LPS) [22] . In vitro, purified B. parapertussis LPS is a stronger activator of the innate immune response than purified B. pertussis lipooligosaccharide in terms of maturation of human dendritic cells and cytokine production [23] , but the TLR4 response induced by B. parapertussis LPS seems less efficient, allowing the organism to escape from a robust inflammatory response, efficient bacterial clearance [24] , and subsequent bacterial dissemination in an immune-compromised host.
Possible cross-immunity against B. parapertussis, induced by acellular vaccines that target B. pertussis virulence, was underlined in several studies [25] . Such a cross-protection could be due to greater anti-FHA antibody response induced by acellular FHA-containing vaccines, as compared with whole-cell vaccines. In our study, the patient was immunized against B. pertussis; however, vaccine-induced immunity was not sufficient to protect against B. parapertussis.
In conclusion, we report the fourth case of B. parapertussis bacteremia in the literature, and the first for which the genomic sequence of the infectious isolate was determined. This new case underlines that B. parapertussis can cause invasive infection, mostly in immunocompromised hosts. Investigation of bacterial genomic determinants potentially associated with invasive infection will require the genomic study of additional isolates.
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